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Engineering	 design	 is	 a	 complex	 activity	 that	 requires	 cross-domain	 knowledge	 and	
experience.	 Many	 engineering	 design	 methodologies	 have	 been	 proposed	 to	 describe	
engineering	design	and	engineering	design	processes.	In	order	to	assist	the	implementation	
of	these	design	methodologies,	various	design	representations	and	design	supporting	tools	




capable	 of	 generating	 novel	 and	 useful	 design	 ideas.	 To	 assist	 the	 idea	 generation	 in	
engineering	design,	many	creative	tools	including	brainstorming	and	morphological	analysis	




contradiction	 matrix	 that	 could	 help	 its	 users	 to	 avoid	 “trial	 and	 error”	 by	 employing	
systematic	idea	generation	and	problem	solving	methods.	
TRIZ	functional	analysis	 is	an	essential	tool	 in	modern	TRIZ	practice	that	helps	engineering	
designers	 to	 analyse	 component	 interactions	 within	 the	 technical	 system	 and	 search	 for	






designs,	 its	 feasibility	 in	 new	 product	 design	 has	 not	 yet	 been	 explored.	 The	 aim	 of	 this	
research	 is	 to	 develop	 a	 methodology	 that	 implements	 TRIZ	 functional	 analysis	 for	 new	
product	design.	In	addition	to	the	design	methodology,	a	component	database,	Mechanism	
and	 Machine	 Element	 Taxonomy	 (MMET),	 has	 been	 developed	 as	 a	 part	 of	 design	
methodology	to	expand	the	knowledge	space	available	during	the	design	process.		
































































































































































































































































































































































































are	able	to	reach	“historical”	 level	of	creativity	that	 ideas	are	novel	 to	the	entire	society’s	




From	 the	 creation	 of	 art	 and	 literature	 to	 the	 enactment	 of	 laws	 and	monetary	 systems,	







An	 engineering	 design	 project	 involves	 a	 series	 of	 activities	 that	 starts	 from	 establishing	
needs,	 task	 analysis,	 conceptual	 design,	 embodiment	 design,	 detailed	 design,	 to	
implementation	 (Howard,	 Culley,	 &	 Dekoninck,	 2008).	 It	 is	 an	 engineer’s	 privilege	 and	
responsibility	to	transform	both	technical	and	non-technical	knowledge	into	solutions.	This	
transformation	of	knowledge	depends	on	an	engineer’s	creativity	to	generate	new	ideas	and	
clever	 solutions.	However,	not	everyone	possesses	 the	 same	 level	of	 creativity.	 Therefore	









based	approaches,	 various	 representations	and	 taxonomies	were	also	developed	with	 the	





















components	 and	 functions,	 its	 application	 in	 function-based	 design	 processes	 will	 be	
discussed.	 A	 number	 of	 case	 studies	 are	 also	 utilised	 to	 prove	 its	 usability	 in	 engineering	
design.	 The	 case	 studies	 conducted	 are	 the	 design	 of	 a	 deformable	 surgical	 platform,	 a	
passive-active	ventilation	system,	a	ventilation	performance	assessment	facility,	and	the	plan	























involve	 both	 design	 understanding	 and	 design-support	 development.	 While	 Blessing	 and	









The	 research	 clarification	 stage	 focuses	 on	 identifying	 research	 goals	 through	 literature	
analysis.	Initial	reference	model	and	initial	impact	model,	i.e.	initial	understanding	of	current	
situation	 and	 initial	 thought	 of	 ideal	 situation,	 are	 explored	 in	 this	 stage.	 Based	 on	 these	
understanding	of	situations,	research	question	and	hypothesis	are	preliminarily	assessed.		
Descriptive	study	I,	DS-I	
This	 stage	 aims	 to	 further	 understand	 design	 and	 investigate	 actual	 issues	 that	 need	





In	 the	prescriptive	study	stage,	 it	 is	 focused	on	 the	development	of	actual	design	support	
based	on	the	conclusion	of	DS-I	stage.	The	actual	design	support	can	be	a	workbook,	a	design	

























• Review	 currently	 available	 engineering	 design	 taxonomies	 and	 explain	 their	
limitations	(Chapter	3)	
Descriptive	Study	I	(DS-I):	Empirical	study	
















The	 research	 will	 be	 described	 in	 7	 chapters.	 Following	 this	 introductory	 chapter	 1	 that	
describes	 the	 background	 and	 objectives	 of	 the	 research,	 Chapter	 2	 starts	 with	 an	





The	 first	 part	 of	 Chapter	 3	 introduces	 and	 compares	 popular	 engineering	 design	
representations	including	function	structure	and	function-behaviour-state,	then	focuses	on	
the	 principle	 of	 FAD	 and	 its	 usage	 in	 design	 improvement	 processes.	 The	 second	 part	 of	
Chapter	 3	 introduces	 currently	 available	 taxonomies	 that	 are	 developed	 to	 support	
engineering	design.	
Chapter	4	describes	 the	development	of	a	design	 taxonomy,	 i.e.	mechanism	and	machine	
element	 taxonomy	 (MMET).	 It	 starts	with	 a	 case	 study	 that	 explores	 the	 need	 of	 design-
supporting	tools.	A	second-year	mechanical	engineering	student’s	design	project	at	Imperial	
College	 is	 investigated	 to	 realise	what	would	 it	 be	 if	 the	design	were	delivered	by	novice	
engineers.		










supply	 and	heating	 facilities,	 and	 sewage	 treatment	 set-ups.	 Another	 is	 the	 design	 of	 the	
assessment	setup	for	a	passive	ventilation	system.	The	second	case	study	is	the	improvement	
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of	 the	assessment	system	for	a	passive	ventilation	with	heat	 recovery	 (PVHR)	system	that	
utilise	passive	stack	effect	to	actuate	ventilation	flows.	










The	 classification	 of	 engineering	 design	 research	 will	 be	 introduced	 in	 Section	 2.3	 and	
compared	with	research	objectives	proposed	in	Chapter	1.	Section	2.4	introduces	engineering	
design	methods	that	are	related	to	this	research.	Major	research	topics	of	engineering	design	





Engineering	 design	 and	 design	 engineering	 are	 two	 inter-exchangeable	 expressions	 (P.	 R.	
Childs,	2013;	W.	Ernst	Eder	&	Hosnedl,	2008).	Many	researchers	and	design	practitioners	have	







new	 solutions	 to	 already-solved	 problems.	While	 above	 definitions	 only	 provide	 a	 rough	
picture	 of	 engineering	 design,	 many	 researchers	 further	 defined	 engineering	 design	 as	 a	
systematic	 process	 that	 could	 transform	 human	 needs	 and	 design	 objectives	 into	 actual	


















Technology	 philosophy	 researchers	 have	 also	 been	 discussing	 the	 inherent	 nature	 of	
engineering	 design	 from	 a	 different	 perspective.	 Bucciarelli	 (2002)	 described	 engineering	
design	as	a	collective	activity	that	requires	participants	with	different	specialties	to	consider	
































Objective	5. Extend	 the	 application	of	 FAD	 and	 the	design	processes	 to	more	 system	
types	
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These	 five	 objectives	 require	 knowledge	 of	 various	 disciplines	 from	 creativity	 research,	
function	modelling,	to	design	methodology.	In	the	next	subsection,	a	series	of	literature	on	









These	 research	 studies	 resulted	 in	 many	 classifications	 that	 aim	 to	 improve	 engineering	
design	researchers’	understanding	of	this	complicated	discipline.	
One	of	the	earliest	attempts	was	made	by	Archer	(1981).	He	broke	down	the	whole	research	
field	 into	 ten	 areas	 including	 design	 history,	 design	 taxonomy,	 design	 technology,	 design	
praxeology,	design	modelling,	design	metrology,	design	axiology,	design	philosophy,	design	
epistemology,	 and	design	pedagogy.	Horváth	 (2004)	 critiqued	Archer’s	 classification	as	he	
thought	it	lacks	some	fundamental	fields	such	as	design	knowledge,	design	outcomes,	design	
processes,	human	factors,	and	applications.	However,	these	fields	are	likely	to	be	an	implicit	




Finger	 and	 Dixon	 (1989a,	 1989b)	 proposed	 a	 six-category	 classification	 while	 reviewing	


















design	 science	 can	 be	 categorised	 by	 four	 axes	 including	 object	 information	 and	 process	
information	 on	 the	 horizon	 axis,	 and	 practice	 information	 and	 theory	 knowledge	 on	 the	
vertical	axis,	as	shown	 in	Figure	2-3.	The	whole	of	engineering	design	science	 is	 therefore	
divided	into	four	quadrants	such	as	design	methodology,	theory	of	design	processes,	theory	
of	technical	systems,	and	design	knowledge	about	objects	and	systems.	This	classification	is	




















again	 too	 abstract	 to	 represent	 the	 complex	 contents	 that	 engineering	 design	 research	
consists	of.		Moreover,	the	categories	within	this	classification	lack	detailed	description	so	the	
exact	definition	and	boundaries	are	too	vague	to	be	a	qualified	classification.	
What	 characteristics	 should	 a	 reasonable	 classification	 possess?	 From	 the	 classifications	
introduced	 above,	 four	 can	 be	 summarised.	 First,	 a	 classification	 for	 engineering	 design	
research	should	be	generic,	and	cover	all	activities	involved	in	engineering	design	research.	
Some	 classifications	 introduced	above	are	proposed	 for	 the	 research	of	 a	 specific	 type	of	
design	practice	or	design	theory.	Second,	a	classification	should	provide	detail	description	and	













levels	 including	 order	 class,	 research	 category,	 research	 domain,	 research	 trajectory,	 and	
research	approach.	Figure	2-4	shows	the	classification	down	to	research	domain.	The	three	
classes	are	source,	channel,	and	sink.	The	source	class	includes	research	categories	related	to	
fundamental	 engineering	 research	 knowledge	 including	 “human	 assets,”	 “design	
knowledge,”	“artefact	knowledge,”	and	“processes	knowledge.”	The	channel	class	includes	
categories	 of	 “design	 philosophy,”	 “design	 theory,”	 “design	 methodology,”	 and	 “design	
technology”	 to	 provide	 linkage	between	 theoretical	 science	 and	 applied	 science.	 The	 sink	
class	is	defined	to	be	the	final	application	of	engineering	design	knowledge.	It	includes	only	


















This	 objective	 requires	 deep	 understanding	 of	 design	 representations.	 Therefore,	 the	








This	design	 taxonomy	could	be	combined	with	 the	use	of	FAD	 in	new	product	design	and	




Objective	3. Adapt	 FAD	 and	 the	 taxonomy	 into	 function-based	 design	 improvement	
process	and	stimulate	creativity	
The	major	 reason	 of	 adapting	 FAD	 and	MMET	 in	 engineering	 design	 is	 their	 potential	 to	





















involved	 in	 this	 research	 can	 be	 re-classified	 in	 to	 four	 categories	 including	 design	
representations,	 creativity	 in	 engineering	 design,	 engineering	 design	method,	 and	 design	
taxonomy.	 The	 relationships	 between	 research	 objectives,	 engineering	 design	 research	
domains	and	trajectories,	and	re-classified	categories	are	shown	in	Figure	2-5.	Among	these	







While	 engineering	 design	 is	 a	 complex	 activity	 that	 requires	 cross-domain	 knowledge	 to	




basis	 of	 Hubka	 &	 Eder’s	 Engineering	 Design	 Science	 (W.	 E.	 Eder,	 2012;	W.	 Ernst	 Eder	 &	
Hosnedl,	2008;	W.	E.	Eder	&	Weber,	2006;	Hubka	&	Eder,	1996;	Weber,	2009).	The	systematic	







design	 from	 different	 perspectives	 (Gero,	 1990;	 A.	 Hatchuel	 &	 Weil,	 2003).	 The	 FBS	











of	 Theory	 of	 Technical	 Systems	 (TTS),	 Theory	 of	 Design	 Processes	 (TDesP),	 Design	Object	
Knowledge,	and	Design	Process	Knowledge	(W.	Ernst	Eder	&	Hosnedl,	2008;	Hubka	&	Eder,	
1987,	1996),	as	shown	in	Figure	2-3.	Among	these	four	categories,	the	Theory	of	Technical	




systems	 and	 recognises	 technical	 systems	 as	 one	 operator.	 Figure	 2-6	 shows	 the	 general	
model	of	a	transformation	system	defined	by	Hubka	et	al.	 In	this	model,	a	transformation	
system	(TrfS)	is	defined	to	consist	of	transformation	processes	(TrfP),	technologies	(Tg),	and	
a	 set	 of	 operators	 including	 technical	 systems	 (TS),	 living	 operators,	 Information	 and	
knowledge,	 and	Management.	 The	purpose	of	 this	 transformation	 system	 is	 to	 transform	
input	operands	 into	output	operands	 through	operators	by	applying	 suitable	 technologies	
(Tg)	and	following	dedicated	transformation	processes	(TrfP).	The	transformation	may	involve	








































an	 organ	 is	 a	 function-carrier	 that	 could	 perform	 assigned	 functions,	 designers	 need	 to	





At	 this	 phase,	 designers	 will	 need	 to	 transform	 the	 organ	 structures	 into	 constructional	
structures.	The	first	stage	is	to	establish	required	constructional	parts	and	their	arrangement	
into	sketches.	The	designers	will	then	transform	these	constructional	parts	into	dimensional	















This	 phase,	 varying	 from	 one	 company	 to	 another,	 consists	 of	 many	 activities	 from	
prototyping,	 testing,	correcting,	 to	manufacturing.	 In	 this	phase,	design	prototypes	will	be	
physically	 produced	 for	 a	 small	 quantity	 and	 tested	 for	 their	 functionality,	 reliability,	 and	
quality.	If	something	goes	wrong	in	these	tests,	the	product	may	be	returned	to	the	design	





based	methodology	 for	design	activities	 including	 conceptual	design,	 embodiment	design,	
and	 detailed	 design.	 It	 may	 be	 one	 of	 the	 most	 utilized	 methods	 in	 both	 industry	 and	
education.		
The	systematic	approach	and	Hubka’s	work	were	developed	separately	(W.	E.	Eder,	2012).	
However,	 their	 design	methods	 have	many	 characteristics	 in	 common.	 The	 first	 common	
feature	 is	 that	 they	 all	 incorporate	 functional	 analysis	 within	 their	 design	 processes.	 The	
difference	it	that	TTS	focuses	not	only	functions	but	also	components	and	their	interactions	




model	 of	 transformation	 systems.	 Furthermore,	 these	 two	 approaches	 are	 both	 process-
oriented	approaches.	As	shown	in	Figure	2-8,	the	process-oriented	approach	tries	to	consider	
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safe	 to	 adapt	 problem-oriented	 approach.	 However,	 designs	 with	 complicated	 structures	
tend	to	have	higher	levels	of	interrelationships	between	components.	Adapting	the	process-
oriented	approach	will	allow	designers	to	propose	solutions	with	systematic	considerations.	
In	 practice,	 designers	 usually	 combine	 these	 two	 approaches	 together	 but	 experienced	
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Planning	 and	 task	 clarification,	 Conceptual	 design,	 Embodiment	 design	 and	Detail	 design.	
Each	phase	possesses	several	design	tasks	and	is	required	to	produce	deliverables	to	the	next	













behaviour-structure	 (FBS)	 framework	 for	 design	 with	 eight	 elementary	 transformations	
between	the	key	terms	of	function,	behaviour,	and	structure.	The	definitions	of	these	terms	






















Figure	 2-10	 further	 shows	 the	 eight	 transformations	 of	 the	 FBS	 framework.	 These	 eight	
transformations	are	made	between	functions	F,	expected	behaviour	Be,	structural	behaviour	































knowledge	 space	 (K)	 where	 concepts	 in	 C	 are	 relative	 to	 K	 and	 K	 contains	 the	 currently	












This	 operator	 represents	 the	 most	 basic	 activity	 in	 design	 while	 most	 designers	 tend	 to	
generate	design	 concepts	based	on	 their	 knowledge.	 The	 transformation	 from	knowledge	
space	 into	 concept	 spaces	 can	 somehow	 correspond	 to	 the	 activity	 of	 investigating	






































process	 of	 creativity	 and	 innovation.	 While	 Hubka’s	 and	 Pahl’s	 procedural	 model	 also	
emphasise	 concept	 generation	 at	 the	 early	 stage	 of	 design	 and	 the	 embodiment	 of	 the	










overlapping	 contexts	 and	 therefore	 it	 is	 possible	 to	 compare	 and	 merge	 them	 together	








not	 special	 cases	 in	 engineering	design	 research.	 It	 can	 even	be	 considered	 that	 they	 are	







































































X	 Exploration	 Generation	 Evaluation	 Communication	 X	
*Added	by	the	author.	
2.5 Creativity	in	engineering	design	
Although	 early	 discussions	 of	 creativity	 can	be	 traced	back	 to	 pre-Christian	 time,	modern	
research	 on	 creativity	was	 not	 focused	 by	most	 psychology	 researchers	 until	 1950s	while	
Guilford	 pointed	 out	 the	 importance	 of	 creativity	 research	 and	 the	 lack	 of	 it	 among	
psychologists	 (Feist	 &	 Runco,	 1993;	 Guilford,	 1950;	 Rhodes,	 1961;	 Runco	&	 Albert,	 2010;	






since	 creativity	 is	 an	 essential	 element	 in	 engineering	 design,	 it	 is	 possible	 to	 benefit	
engineering	design	by	the	outcome	of	creativity	research	(Chaplin,	1989;	Cross,	2000;	French,	
1999;	 Pugh,	 1991;	 Thompson	 &	 Lordan,	 1999).	 In	 fact,	 many	 creativity	 tools	 including	
Brainstorming,	Inversion,	Morphological	analysis,	Synectics	and	Analogy,	and	Check-lists	are	
eligible	 for	 application	 in	 engineering	 design.	 Engineering	 design	 	 can	 also	 benefit	 from	
creativity	theories	such	as	C-K	theory	and	the	FBS	framework.		
In	the	following	subsections,	some	of	the	most	common	creativity	tools,	and	the	theory	and	





of	 failing	 to	 generate	 creative	 solutions	 can	 be	 named	 as	 the	 phenomenon	 of	 functional	
fixedness,	 or	 fixation	 effect	 (Agogue,	 Kazakçi,	Weil,	 &	 Cassotti,	 2011).	 Jansson	 and	 Smith	
(1991)	verified	the	 fixation	effect	 in	design	by	experimenting	engineering	students,	design	






























Lordan	 (Thompson	&	Lordan,	1999)	also	 included	Brainstorming,	 Synectics	and	 the	use	of	










Brainstorming	 is	 the	 method	 that	 allows	 a	 group	 of	 open-minded	 people	 from	 different	





Brainstorming	 has	 now	 become	 one	 of	 the	 widest	 used	 creativity	 tools	 and	 many	 other	






















The	 above	 process	 is	 only	 to	 present	 the	 rough	 idea	 of	 how	 a	 brainstorming	 session	 is	









There	 are	 some	 drawbacks	 of	 utilising	 brainstorming	 as	 an	 idea	 generation	method.	 For	
example,	participants	may	forget	their	ideas	when	others	are	presenting	their	ideas.	Fixation	
effect	may	also	occur	when	one	participant	hear	another	participant’s	idea	(Kohn	&	Smith,	




it	Note	 Brainstorming	 requires	 each	 idea	 to	 be	 recorded	 on	 a	 piece	 of	 post-it	 to	 prevent	




Morphological	 analysis	 is	 a	 method	 that	 divides	 problems	 into	 sub-functions,	 generates	
alternative	 suggestions	 of	 these	 sub-functions,	 and	 therefore	 engineering	 designers	 can	
produce	 possible	 solutions	 to	 the	 problem	with	 this	 division.	 It	 has	 been	 widely	 used	 in	






Tasks	 of	morphological	 analysis	 are	 usually	 accomplished	with	 the	 help	 of	morphological	
matrices,	as	illustrated	in	Figure	2-13.	The	functions	required	solutions	are	listed	in	row,	and	








The	 other	 difficulty	 is	 to	 select	 best/better	 ideas	 (Thompson	&	 Lordan,	 1999).	While	 the	
classification	of	functions	is	going	down	to	the	most	detailed	level,	it	is	highly	possible	that	a	
huge	amount	of	ideas	will	be	generated.	This	would	be	difficult	for	engineering	designers	to	






The	 theory	 of	 inventive	 problem	 solving	 (TRIZ,	 acronym	 of	 Russian	 “Theoria	 Resheneyva	
Isobretatelskehuh	Zadach”)	is	sometimes	identified	as	the	only	tool	that	can	help	engineering	
designers	 at	 the	 concept-solution	 location	 and	 problem	 solving	 stage	 (Gadd,	 2011).	 The	
founder	Genrich	Altshuller	(1926-1998)	developed	TRIZ	according	to	the	principles	analysed	
and	 characterised	 from	 thousands	 of	 patents.	 While	 TRIZ	 has	 been	 practiced	 by	 many	
inventors	and	designers,	it	has	been	identified	that	TRIZ	can	help	its	users	to	avoid	“trial	and	
error”	by	 employing	 systematic	 idea	 generation	 and	problem	 solving	methods	 (Altshuller,	
1984;	Khomenko	&	Ashtiani,	2007;	Savransky,	2000).	
The	notion	of	 TRIZ	 comes	 from	 the	 idea	of	 contradiction.	Altshuller	 assumed	engineering	
systems	 evolve	 on	 the	 same	 rule,	 i.e.	 engineering	 systems	 evolve	 by	 eliminating	
contradictions.	 These	 elimination	 approaches	 can	 be	 summarised	 as	 the	 principles	 of	
engineering	design	regardless	what	domains	these	approaches	are.	On	the	other	hand,	it	is	
possible	 to	 interpret	 any	 inventive	 problem	 as	 a	 series	 of	 contradictions	 between	 new	
requirements	and	original	or	premature	system	configuration.	Therefore,	Altshuller	believed	
solutions	 for	 inventive	 problems	 are	 actually	 solutions	 for	 contradictions	 and	 these	 new	
solutions	are	already	available	within	pre-existing	solutions.	Furthermore,	because	these	pre-
existing	solutions	may	come	from	other	domains,	applying	these	solutions	can	be	considered	





that	 inventions	have	different	 level	of	 inventive	value.	He	defined	a	 five-level	 category	 to	
categorise	 these	 inventions	 according	 to	 the	 inventiveness	 disclosed	 by	 the	 patents	
(Altshuller,	1984;	Altshuller	et	al.,	1997;	Gadd,	2011).	These	five	levels	are:	
Level	1:	Rationalisation		
Level	 1	 invention	 utilises	 only	 knowledge	 available	 within	 the	 technical	 system	 to	
improve	the	system’s	problem	in	a	simple	approach.	For	example,	increase	the	size	of	
the	 luggage,	 i.e.	 a	 bigger	 luggage,	 to	 have	 more	 space	 inside	 can	 be	 a	 level	 one	
solution.	32%	of	inventions	that	Altshuller	analysed	are	Level	1.	However,	this	level	is	
not	 recognised	 as	 innovative	 since	 inventions	 in	 this	 level	 are	 only	 improvements	
without	solutions	of	contradictory	issues.	
Level	2:	Modernisation	
























creatively.	 However,	 these	 techniques	 are	 more	 useful	 for	 level	 1	 and	 level	 2	 inventive	
problems	 because	 generated	 solutions	 may	 still	 be	 limited	 by	 user’s	 knowledge	 and	
experience	(Gadd,	2011).	If	a	company	or	an	engineer	would	like	to	explore	innovative	ideas	
at	 the	 higher	 level,	 TRIZ	 can	 be	 particular	 useful	 in	 generating	 level-three	 inventions	 and	
provides	possibilities	for	higher	level	solutions.	As	shown	in	Figure	2-14,	TRIZ	can	benefit	firms	









Contradiction	 is	 the	 central	 of	 TRIZ	 philosophy.	 It	 is	 the	 issue	 that	 designers	 encounter	
















































are	 done.	 Figure	 2-15	 shows	 that	 designers	 can	 only	 decide	 how	 to	 compromise	 while	
improving	 one	 parameter	 will	 result	 in	 worsening	 another,	 i.e.	 having	 a	 technical	
contradiction.	For	example,	if	we	increase	the	fan	speed	to	improve	the	ventilation	and	indoor	
air	quality,	the	increased	operating	noise	of	the	fan	may	be	the	undesirable	side	effect.	With	





























solutions	 revealed	 in	 patents	 possess	 certain	 common	 rules.	 40	 solution	 concepts	 were	






















































The	 contradiction	matrix	 is	proposed	 for	 solving	 technical	 contradictions.	 It	 consists	of	39	
technical	 parameters,	 their	 conflicting	 relationships,	 and	 40	 inventive	 principles.	 Like	
inventive	principles,	the	TRIZ	39	technical	parameters	are	also	the	result	of	patent	analysis.	
As	 listed	 in	Table	2-4,	 these	39	 technical	parameters	 range	 from	simple	 ideas	 to	 complex	





two	elements	of	 TRIZ:	39	 technical	parameters	as	 the	axis	 and	40	 inventive	principles.	As	






contradiction	 matrix	 particularly	 useful	 in	 solving	 technical	 contradictions.	 However,	 for	
physical	 contradictions,	 i.e.	 the	 grey	 areas	 in	 the	 matrix,	 it	 is	 not	 possible	 to	 locate	 any	
inventive	principles	 in	 the	matrix.	When	encountering	 this	 type	of	physical	contradictions,	






















































the	 field.	 Therefore,	 the	 Su-Field	 model	 shows	 the	 function	 that	 substance	 S2	 acts	 on	
substance	S1	through	the	field	F.		









design	or	 problem	 solving	 is	 needed	without	 confusing	because	unrelated	 substances	 are	
eliminated	(Gadd,	2011).	However,	the	structure	of	the	Su-Field	model	represents	only	the	
focused	 issue	 and	may	 restrict	 system-wide	 thinking	 so	 that	 undesirable	 side-effect	 may	
appear.	As	the	improvement,	Functional	Analysis	Diagram	(FAD),	which	will	be	introduced	in	
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These	 standard	 solutions,	with	 the	 use	 if	 Su-Field	 analysis,	 are	 claimed	 as	 useful	 tool	 for	
inventive	problem	solving	(Gadd,	2011;	Miller,	Domb,	Macgran,	&	Terninko,	2001;	Terninko	
et	 al.,	 2000).	 However,	 it	 requires	 a	 long	 chapter	 to	 explain	 the	 details	 of	 the	 standard	
solutions.	Not	to	say	the	long	leaning	time	for	designers	to	understand	how	to	utilised	Su-
Field	analysis	with	the	76	standard	solutions.	While	the	Su-Field	analysis	is	substituted	by	FAD,	
the	76	 standard	 solutions	 are	 also	 re-arranged	 for	 FAD.	As	will	 be	 introduced	 in	 the	next	









it	 is	more	 than	 just	 an	 engineering-related	 activity	 but	 also	 has	 great	 social	 implications.		
Recently,	 the	notion	of	design	 thinking	also	brings	 the	 idea	of	human-centred	design	 into	
engineering	design.	 It	had	made	engineering	design	an	even	broader	subject	that	 involves	
almost	every	aspect	of	design.	
For	 engineering	 design	 classifications,	 four	 characteristics	 that	 a	 reasonable	 classification	
should	possess	have	been	summarised	and	the	one	that	meets	all	four	characteristics	is	the	
classification	 proposed	 by	 Horváth.	 It	 has	 three	 flow	 classes,	 nine	 categories,	 thirty-four	
research	domains,	and	many	research	trajectories.	Among	them,	eleven	research	domains	
and	fifteen	research	trajectories	are	related	to	the	research	objectives	summarised	in	Chapter	
1.	 As	 the	 result	 of	 re-classification,	 these	 domains	 and	 trajectories	 became	 four	 research	











used	 to	 explain	 why	 the	 design	 phases	 are	 actually	 repeating	 and	 introduce	 creativity	 in	
conceptual	design	phase.		
For	 Creativity	 in	 engineering	 design,	 creativity	 tools	 related	 to	 this	 research	 including	
brainstorming,	morphological	analysis,	and	TRIZ	were	presented.	Fixation	effect,	which	is	a	








Engineering	 design	 representation,	 or	 engineering	 design	modelling,	 is	 the	 interface	 that	
allows	 designers	 to	 demonstrate	 their	 design	 ideas	 without	 actually	 making	 physical	
prototypes.	The	study	of	engineering	design	representation	is	an	essential	part	of	engineering	
design	methodology	research	(Subrahmanian	et	al.,	1993).	While	many	design	methodologies	
have	 been	 proposed	 and	 requirements	 of	 representation	 differ	 from	one	 design	 stage	 to	
another,	many	different	 types	of	engineering	design	 representation	are	available	 to	 serve	
different	methodologies	at	different	design	stages.		
Aurisicchio	et	al.	 (Aurisicchio,	Bracewell,	&	Armstrong,	2013)	classified	them	as	qualitative	





Owen	and	Horváth	 (2002)	 categorised	 representations	 into	 five	 classes	 according	 to	 their	
forms,	as	shown	in	Table	3-1.	The	five	classes,	include	different	type	of	representations	such	
as	 sketches,	 decision	 tables,	 customer	 requirements,	 CAD	 models,	 and	 mathematical	
equations,	were	further	analysed	for	their	roles	in	engineering	design	by	Chandrasegaran	et	
al.	 (2013).	 As	 represented	 in	 Figure	 3-1,	 representations	 for	 conceptual	 design	 stage	 are	
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Diagram,	 House	 of	 Quality,	 and	 Graph	 Representation	 will	 be	 introduced.	 Since	 design	
representations	are	developed	to	serve	design	methodologies,	most	of	the	representations	




Many	 functional	 reasoning	 representations	 have	 been	 proposed.	 As	 shown	 in	 Table	 3-2,	
functional	reasoning	representations	can	be	categorised	according	to	their	dependency	on	
function	and	structure.	Representations	including	Function	Hierarchy	Model,	Function	Logic	





















will	 then	 be	 decomposed	 into	 subsets	 of	 sub-functions	 that	 are	 essential	 to	 the	
accomplishment	of	the	top	function.		After	assigning	components,	cost,	and	other	properties	
	 93	












The	 Function	 Logic	Model	 was	 developed	 as	 an	 enhancement	 of	 the	 Function	 Hierarchy	
Model	that	aims	to	include	the	voice	of	customer	(SAVE	International,	1998b).	As	shown	in	
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Figure	 3-3,	 the	 Function	 Logic	Model	 further	 includes	 four	 supporting	 functions	 including	

































inputs	 and	 outputs	 and	 is	 independent	 to	 the	 physical	 structure,	 i.e.	 it	 is	 a	 structure-














Similar	 to	 the	 function	 hierarchy	model,	 a	 function	 block	 can	 be	 broken	 down	 as	 blocks	
representing	its	sub-functions,	and	the	flow	routes	between	these	blocks	can	also	be	set.	As	
shown	 in	 Figure	 3-6,	 the	 formation	 of	 a	 function	 structure	 may	 be	 similar	 to	 a	 function	
hierarchy	model.	However,	the	function	structure	further	possesses	information	of	energy,	
material,	and	signal	flows	that	transferred	and/or	transformed	from	one	function	to	another.	
This	makes	 the	 function	 structure	 a	more	 solid	 and	 complete	 functional	model	 than	 the	
function	hierarchy	model	(Aurisicchio	et	al.,	2013).	Moreover,	because	the	function	structure	















widely	 used	 in	 both	 academia	 and	 industry,	 not	 every	 researcher	 is	 satisfied	 with	 them	




the	 three	 key	 terms	 of	 the	 function-behaviour-structure	 framework.	 Furthermore,	 TRIZ	





1996).	These	 representations,	 including	process	model,	 function	model,	organ	model,	and	
parts	model,	are	utilised	to	represent	design	information	required	at	each	design	stages	of	
the	design	process	introduced	in	section	2.4.1,	as	shown	in	Figure	3-7.	As	defined,	the	process	
model	 represents	 a	 technical	 system’s	 internal	 operating	 processes	 required	 to	 achieve	













Figure	3-8	 further	 shows	an	example	of	how	 these	models	 are	applied	 to	 the	design	of	 a	
mechanical	 vice	 (W.	 Ernst	 Eder	&	Hosnedl,	 2008;	 Hubka	&	 Eder,	 1996).	 According	 to	 the	
design	specification	shown	in	Figure	3-8	(a),	 i.e.	a	work	holding	device	on	a	work	bench	to	
hold	workpiece	for	processing,	the	process	model	can	be	constructed	as	shown	in	Figure	3-8	
(b).	 As	 Eder	 et	 al.	 pointed	out	 that	 the	process	model	 is	 usually	 considered	 redundant	 in	
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Structure	 proposed	 by	 Pahl	 et	 al.	 (1984)	 are	 similar.	 As	 Eder	 further	 noted	 that	 Pahl’s	






the	 technical	 system.	However,	 this	connection	 is	only	one	of	 the	relationships	 that	could	







was	 proposed	 as	 a	 textual	 method	 to	 comprehensively	 represent	 design	 knowledge	 in	
descriptions.	As	a	medium	of	 the	FBS	 framework,	 the	elements	within	a	design	prototype	
model	 include	 descriptions	 of	 function,	 structure,	 expected	 behaviour	 and	 structural	
behaviour.	 To	 provide	 comprehensive	 information,	 the	model	 also	 possesses	 information	
required	for	design	such	as	relational	knowledge	between	function,	behaviour,	and	structure,	
















graphs	 that	aim	to	 represent	 function,	behaviour,	and	structure	 (Qian	&	Gero,	1996).	The	
structure	 graph	 represents	 relationships	 between	 possible	 structure	 variables	 including	













This	 considers	not	only	 inner	behaviours	of	 the	designed	object	but	 also	 the	effects	 from	
external	objects,	environment	around	the	design,	operation	applied	to	the	design,	and	user	
actions	and	reactions.	As	shown	in	Figure	3-11,	the	graph	shows	how	behaviour	variables	are	
affected	 by	 structures	 and/or	 external	 effects.	 It	 is	 a	 visual	 tool	 that	 allows	 engineering	


























FAD	 graphically	 maps	 functional	 relationships	 between	 different	 components	 and	
















in	 FAD	 are	 often	 shown	 in	 the	 subject-verb-object	 form	 (Gadd,	 2011).	 For	 example,	 the	


























Trimming	 is	one	of	 the	simplest	and	most	effective	approach	to	 remove	system	problems	
(Gadd,	2011).	After	 listing	all	the	harmful,	 insufficient,	and	contradictory	actions,	the	most	






































House	 of	 quality	 is	 the	 main	 representation	 used	 in	 Quality	 Function	 Deployment	 (QFD)	
method,	a	method	originally	proposed	by	Japanese	researcher	Akao	to	ensure	the	quality	of	
design	during	the	whole	design	process	(Akao,	1997).		
The	 purpose	 of	 the	 QFD	 method	 is	 to	 compensate	 for	 the	 gap	 between	 customer	
requirements	 and	 design	 activities.	 It	 has	 four	 major	 steps	 including	 product	 planning,	
product	 design,	 process	 planning,	 and	 production	 planning	 that	 sequentially	 analyses	
relationships	between	customer	requirements,	functional	requirements,	part	characteristics,	























WI	of	FR = 	 (importance	of	CR)×(degree	of	relationship)<==	>? 	
	
The	QFD	method,	with	the	house	of	quality,	provides	engineering	designers	a	useful	tool	to	
examine	 the	 relationship	 between	design	 and	 the	 voice	 of	 customer.	 It	 is	 a	 tool	 for	 total	
quality	 control	 that	 allows	 companies	 to	 ensure	 design	 outcome	 could	 reflect	 customer	
demands	 (Franceschini	 &	 Rossetto,	 1995).	 However,	 QFD2	 only	 shows	 the	 functional	
requirements	as	input	information	of	conceptual	design	and	the	part	characteristics	are	the	
resulted	outputs	of	embodiment	design.	While	the	QFD	does	not	provide	any	assistant	for	










and	 signal	do	not	exhibit	 this	 kinematic	 information.	Bushsbaum	and	Freudenstein	 (1970)	





graph	 representation	 has	 been	 widely	 utilised	 by	 researchers	 to	 represent,	 analyse,	 and	
synthesise	topological	structures	of	mechanisms	such	as	geared	mechanisms,	robotics,	and	












































However,	 in	 other	 functional	 reasoning	 representations	 such	 as	 function	 structure,	 only	
material,	 energy,	 and	 signal	 are	 considered	 as	 function	 operands.	 This	 separation	 of	





modelling	 platforms	 of	 design	 methods	 or	 theories.	 Like	 design	 methods,	 each	 type	 of	
representation	 should	 have	 some	merits	 that	 could	make	 it	 valuable	 for	 some	 aspects	 in	
design.	However,	it	should	be	noted	that	not	all	representations	are	equally	useful	in	design	
and	some	representations	are	bounded	to	one	design	method	and	restricted	to	limited	types	
of	 design.	 Thus,	 it	 is	 still	 needed	 to	 evaluate	 the	 usefulness	 of	 engineering	 design	
representations.	
Chittaro	 et	 al.	 (Chittaro,	 Guida,	 Tasso,	 &	 Toppano,	 1993)	 proposed	 a	 list	 of	 six	 primary	
requirements	 for	 representing	 physical	 systems:	 “Representation	 adequacy,”	 “Problem-
solving	 power,”	 “Problem	 solving	 economy,”	 “Multiple	 use	 of	 knowledge,”	 “Cognitive	
coupling,”	and	“Efficiency.”	The	first	requirement	“Representation	adequacy”	suggests	that	a	
representation	 should	 be	 able	 to	 represent	 knowledge	 of	 the	 physical	 system	 it	 aims	 to	
represent.	The	second	requirement	asks	that	the	knowledge	available	in	the	representation	
should	be	supportive	to	problem	solving	tasks.	The	third	requirement	means	a	representation	




verification.	 “Cognitive	 coupling”	 asks	 the	 representation	 to	 have	 the	 ability	 to	 human	






activities	 including	 communication,	 experimentation,	 and	 creativity.	 This	 representation	
should	also	be	able	to	support	various	design	methodologies	and	serve	as	an	idea-exchange	





requirement	 of	 ensuring	 the	 representation	 support	 designer’s	 reasoning	 process,	 it	 is	
suggested	 that	 engineering	 design	 representations	 can	 be	 compared	 and	 evaluated	 by	
Chittaro’s	list	of	six	primary	requirements,	as	shown	in	Table	3-4.	As	the	result,	the	FBS	model	
and	 FAD	 can	 both	 achieve	 all	 six	 requirements.	 However,	 although	 FBS	 models	 can	 also	
accomplish	 the	 requirement	 “Multiple	 use	 of	 knowledge,”	 it	 takes	 four	 different	

















adequacy	 Y	 N	 Y	 Y	 N	 Y	
Problem-




Y	 N	 Y	 N	 Y	 Y	
Multiple	use	of	
knowledge	 N	 N	 Y	 N	 N	 Y	
Cognitive	
coupling	 N	 N	 Y	 N	 N	 Y	










5. FAD	 can	 be	 a	 useful	 tool	when	 it	 is	 needed	 to	 analyse	 the	 design	 rationale	 of	 an	
engineering	system	


















Moreover,	previous	 studies	of	FAD	 reveal	 that	FAD	can	be	utilised	at	not	only	 conceptual	
design	 stage	 but	 also	 detailed	 design	 stage	 because	 it	 can	 be	 an	 excellent	 platform	 for	
manufacturing	SOPs	(Aurisicchio	et	al.,	2013;	Michalakoudis	et	al.,	2014).	While	FAD	is	capable	






The	 first	 type	 of	 taxonomy	 is	 the	 taxonomy	 of	 functions.	 While	 functional	 reasoning	
representations	 are	 frequently	 utilised	 at	 the	 conceptual	 design	 stage,	 some	 researchers	
believe	 it	 is	 prerequisite	 to	 define	 standard	 functional	 descriptions	 to	 prevent	
misunderstandings.	 The	 other	 type	 is	 the	 taxonomy	 of	 artefacts.	 According	 to	 Horváth’s	
(2004)	classification,	artefact	taxonomy	is	concerned	within	the	research	domain	“artefact	
manifestations.”	 While	 the	 research	 domain	 has	 four	 research	 trajectories,	 the	 study	 of	





In	 order	 to	 construct	 the	 function	 structure	 of	 a	 design,	 it	 is	 required	 that	 a	 systematic	









The	 category	 of	 105	 mechanical	 functions,	 46	 key	 words,	 and	 40	 antecedent	 adjectives	
proposed	 by	 Collins	 et	 al.	 (1976)	may	 be	 one	 of	 the	 earliest	 attempted	 to	 systematically	
summarise	 functions.	 However,	 the	 category	 is	 not	 developed	 for	 generally	 describing	
functions	 because	 they	 were	 developed	 for	 failure	modes	 of	 helicopters.	 Its	 structure	 of	
function,	key	word,	and	adjectives	is	not	compatible	to	functional	reasoning	representations	




As	 introduced	 in	section	3.1.1.2,	 three	types	of	 flow	 including	energy,	material,	and	signal	
were	listed	with	several	examples	demonstrating	what	the	flows	are.	Recognising	function	as	
the	conversion	of	these	flows,	Pahl	and	Beitz	used	Krumhauer’s	five	“generally	valid	functions”	
including	 change,	 vary,	 connect,	 channel,	 and	 store	 to	 describe	 conversions	 (Krumhauer,	
1974;	as	cited	in	Pahl	et	al.,	1984).	These	3	flows	and	5	functions,	however,	were	too	abstract	
to	 be	 useful	 in	 design.	 Therefore,	 a	 series	 of	 studies	 about	 constructing	 valid	 function	
taxonomy	were	conducted	to	provide	references	for	functional	modelling.	
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Hundal’s	 (1990)	extended	Krumhauer’s	 five	generally	valid	 functions	as	 six	basic	 functions	
including	channel,	store/supply,	connect,	branch,	change	magnitude,	and	convert.	Second-
level	physical	 functions	of	 these	 six	 functions	were	also	 listed	with	 specified	 input/output	





bank	 of	 vocabulary	 for	 describing	 functions	 and	 flows	 in	 the	 design	 taxonomy	 “Design	
Repository”	developed	as	a	part	of	the	National	Institute	of	Standards	and	Technology	(NIST)	















In	 addition	 to	 the	 taxonomies	 developed	 for	 function	 structure	 applications,	 some	
taxonomies	 were	 proposed	 for	 different	 purposes.	 Without	 reconciling	 with	 	 the	 above	
studies	related	to	function	structure,	Kirschman	and	Fadel	(1998)	attempted	to	create	a	bank	
of	 four	 basic	 mechanical	 function	 groups	 that	 varies	 from	 the	 verb-objective	 function	









For	 generally	 describing	 functional	 relationships,	 Altshuller	 (1984)	 introduced	 a	 set	 of	 30	










systematic	 approach	 was	 also	 expanded	 as	 a	 more	 complete	 taxonomy	 with	 detailed	
definitions	 of	 functions	 and	 flows	 (Hirtz	 et	 al.,	 2002;	 Orloff,	 2006).	Moreover,	 while	 TRIZ	
utilises	 natural	 language	 rather	 than	 the	 flow-function	 formation	 of	 Pahl	 and	 Beitz’s	
















































support	 the	 object-oriented,	 equation	 based	 language	 Modelica.	 While	 the	 Modelica	
language	was	developed	to	support	physical	system	modelling	for	computational	simulation,	
the	Modelica	Standard	Library	consists	of	hundreds	of	models	of	physical	elements	including	
electronic	 and	mechanical	 components.	 Figure	 3-22	 shows	 an	 example	 of	 representing	 a	
simple	drive	train	by	assembling	elements	form	the	Modelica	Standard	Library.	By	defining	
parameters	of	the	elements,	 it	 is	possible	to	simulate	the	performance	of	the	simple	drive	
train	 and	 details	 of	 elements.	 However,	 the	Modelica	 Standard	 Library	 does	 not	 support	





The	 NIST	 Design	 Repository	 is	 an	 artefact	 taxonomy	 that	 supports	 functional	 reasoning	
engineering	design	methods	(Simon	Szykman	&	Sriram,	2002).	Its	development,	together	with	
the	 RFB	 introduced	 in	 section	 3.2.1,	 aims	 to	 support	 engineering	 design	 approaches	 that	
utilise	function	structure	as	the	functional	reasoning	representation	at	the	conceptual	design	
stage.	While	 the	 RFB	 provides	 controlled	 vocabularies	 and	 rules	 for	 constructing	 function	




6909	 components	 and	 is	 presented	 as	 a	 web-based	 program	
(‘http://function2.mime.oregonstate.edu:8080/view/browse.jsp’,	 2015).	 Figure	 3-23	 shows	
an	 example	 of	 how	 the	 component	 “rotor-b”	 of	 the	 analysed	 product	 “brake	 system”	 is	
recorded	and	presented	in	the	Oregon	Design	Repository.	The	information	captured	by	the	


























deeper	 understanding	 of	 the	 rules.	 Its	 characteristics	 are	 developed	 to	 support	 function	








and	 error.	While	 Fantoni	 et	 al.	 tried	 to	 overcome	 these	 drawbacks	 by	 proposing	 another	




the	C-K	 theory,	using	RFB	may	restrict	concept	generation	of	 functions	since	 the	available	
functions	are	limited.	Therefore,	the	idea	of	constructing	a	function	taxonomy	may	not	be	
helpful	for	designers	wish	to	enhance	the	creativity	of	concept	generated.	Not	to	mention	the	






For	 engineering	 design	 representations,	 three	 branches	 are	 available	 including	 pure	
functional	 reasoning	 representations,	 functional	 reasoning	 representations	with	 structural	





and	 only	 supports	 design	 at	 the	 conceptual	 design	 stage,	 the	 FAD	 become	 the	 only	
representation	 that	 could	 supports	 all	 aspect	 of	 design	 from	 the	 beginning	 of	 conceptual	
design	stage	to	the	detail	design	stage.	
For	function	taxonomies,	many	research	activities	have	been	conducted	to	construct	an	all-
valid	 function	 taxonomy.	However,	 even	 the	 seemingly	 complete	RFB	has	drawbacks	 that	
need	 to	 be	 improved.	 Given	 the	 fact	 that	 some	 researchers	 are	 still	 working	 on	 the	
improvement	of	RFB,	 it	may	be	a	continuing	task	without	a	foreseeable	end.	On	the	other	










































This	 chapter	 focuses	on	 the	development	of	Mechanism	and	Machine	Element	Taxonomy	
(MMET).	In	section	4.2,	an	empirical	case	study	that	explores	the	need	for	design-supporting	
tools	is	introduced.	The	case	study	investigates	novice,	inexperienced	engineers’	designs	from	






























matrix	 (Jiang,	 Lee,	 &	 Childs,	 2014).	 As	 the	 result,	 the	 study	 seemed	 to	 confirm	 the	
effectiveness	of	these	tools	in	assisting	concept	generation	and	evaluation	at	the	conceptual	
design	 stage.	 However,	 the	 analysis	 considers	 only	 quantity	 of	 the	 concepts	 generated	






To	 examine	 the	 inventiveness,	 two	 factors	 will	 be	 utilised	 for	 both	 quantity	 and	 quality	
evaluations.	The	first	factor	is	the	number	of	transmission	concepts	generated	for	the	decided	
functional	head,	as	shown	in	Figure	4-2.	It	can	be	observed	that	more	than	50%	of	students	






























familiar	 with	 the	 knowledge	 of	 accessible	 components	 especially	 when	 the	 examples	 are	
available.	While	a	taxonomy	of	artefact	could	help	novice	engineers	to	search	for	components	
with	 desired	 functions,	 such	 a	 taxonomy	 should	 avoid	 providing	 components	with	whole	
product	design	in	order	to	prevent	fixation	effect,	as	discussed	in	Chapter	3.	
4.3 Mechanism	and	machine	element	taxonomy	





It	 may	 require	 a	 complete	 undergraduate	 study	 of	 say	 three	 design	 and	 manufacturing	
modules	before	a	novice	engineering	student	can	understand	basic	knowledge	of	machine	
elements.	For	experience	engineers,	a	supporting	tool	that	provides	possible	alternatives	can	
also	help	 them	 to	 escape	 familiar	 designs.	 The	 searched	 results	 suggested	by	Google	 and	
other	 search	 engines	 also	 tend	 to	 prioritise	 searched	 results	 based	 on	 their	 algorithms.	
Theories	 such	 as	 TRIZ	 and	 C-K	 theory	 also	 suggest	 that	 capturing	 ideas	 from	 different	
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knowledge	domains	can	benefit	the	performance	of	innovative	design	activities	(Agogue	et	
al.,	 2011;	Altshuller,	 1984;	Altshuller	 et	 al.,	 1997;	Gadd,	 2011;	A.	Hatchuel	&	Weil,	 2003).	
Therefore,	a	taxonomy	of	artefacts	may	be	helpful	in	both	providing	information	and	assisting	
design	creativity.	
The	 two	 Design	 Repositories	 introduced	 in	 Chapter	 3,	 which	 may	 be	 the	 only	 available	
taxonomies	of	 artefacts	 that	 aim	 to	 support	 functional	 reasoning	design	approaches,	 face	
some	limitations	that	restrict	their	usefulness	 in	generating	ideas	at	the	conceptual	design	
stage.	 The	 first	 is	 the	 use	 of	 function	 taxonomies	 that	 describes	 functions	 with	 limited	
vocabularies,	which	may	restrict	concept	generation,	according	to	the	C-K	theory.	The	second	









The	 taxonomy	 consists	 of	 the	 information	 of	 a	 large	 number	 of	 machine	 elements	 and	
mechanisms.	 This	 information	 includes	 not	 only	 their	 functional	 attributes	 and	 advantage	
analysis	but	also	 their	 comparison	and	 input/output	operands.	A	 spreadsheet	may	not	be	
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beginning,	 the	 information	 collected	 is	 only	 the	 function	 attributes,	 advantages,	 and	
disadvantages.	After	 literature	analysis,	 it	was	decided	by	 the	author	 to	 include	 input	and	

































In	 order	 to	 support	 a	 functional-reasoning	 design	 method	 that	 utilises	 FAD	 as	 its	
representation,	 which	will	 be	 introduced	 in	 Chapter	 5,	 it	 is	 necessary	 that	MMET	 should	

























allow	 or	 transform	 motion	 from	 one	 element	 to	 another.	 The	 introduction	 of	 Graph	
representation	 in	Chapter	3	 revealed	 that	 in	addition	 to	 the	 three	operands,	 i.e.	material,	
energy,	 and	 signal,	 a	 kinematic	 attribute	 is	 also	 an	 important	 function	 especially	 for	










rotary	movement	 to	a	 translational	movement	on	the	plane	perpendicular	 to	 the	rotation	
axis”.	While	movement	operate	in	the	3-dimension	world	can	be	rotational	or	translational	
















Liquid:	 a	 substance	 where	 its	 molecules	 are	 able	 to	 move	 freely	 without	 expanding	





production	 line	 can	 be	 recognised	 as	 solid	 objects.	 Particulate	 are	 a	 group	 of	 separated	
particles.	Sugar	and	ground	coffee	are	both	particulates	according	to	the	RFB.	Composites	
refer	 to	 a	 combination	 of	 a	 group	 of	 solid	 materials	 that	 still	 remain	 their	 original	
characteristics	 and	 contribute	 their	 advantages.	 An	 example	 of	 a	 composite	 material	 is	














Signals	 are	 utilised	 to	 control	 technical	 systems	 or	 display	 system	 status.	 In	 the	 RFB,	 it	 is	
categorised	 as	 control	 signal	 and	 status	 signal.	 Control	 signals	 are	 used	 to	 regulate	 the	
behaviour	of	technical	systems.	For	example,	moving	a	joystick	can	send	an	analog	signal	to	
the	video	game	console	and	 the	console	will	 transform	 it	 to	discrete	 signal	 to	control	 the	





















Acoustic	 energy:	 is	 related	 to	 the	 production	 and	 transmission	 of	 sound.	 For	 example,	
ambulances	produce	siren	sound	to	notify	passers-by	about	emergencies.	
Biological	energy:	refers	to	the	work	produced	by	or	connected	with	plants	or	animals.	For	














mediums.	 While	 hydraulic	 energy	 is	 produced	 by	 the	 movement	 and	 force	 of	 liquids,	
pneumatic	energy	is	produced	by	gases.	Their	use	varies	according	to	the	environment	and	

























Mechanical	 energy	 is	 related	 to	 a	 moving	 material	 whether	 it	 exhibits	 translational	 or	
rotational	motion.	Mechanical	energy	may	exhibit	as	force	and	linear	velocity	for	translational	
motion,	or	torque	and	angular	velocity	for	rotational	motion.		










that	 both	 the	 subject	 and	 the	 object	 are	 usually	 expressed	 by	 nouns	 and	 the	 action	 is	
represented	by	a	verb.	The	vocabularies	of	functions	from	the	RFB	cannot	be	applied	here	as	
the	 sole	 resource	 of	 describing	 functional	 attributes	 because	 it	 lacks	 the	 description	 of	
subjects.	 The	descriptions	of	 these	 functional	 attributes	 can	be	natural	 language	with	 the	
mechanism	or	the	machine	element	as	their	subjects.	As	shown	in	Table	4-3,	the	functional	
attributes	of	a	bevel	gear	set	can	be:	“Adjust	angular	velocity	from	input	shaft	to	output	shaft,”	





One	 of	 the	merits	 of	 using	 FAD	 in	 design	 is	 its	 ability	 to	 display	 both	 useful	 and	 harmful	

























































various	 approaches	 to	 search	 components.	 The	 five	 interfaces	 are:	 the	 main	 interface,	





























The	number	of	 input	and	output	 flows	 in	 the	 taxonomy	 is	 fixed,	as	 listed	 in	Table	4-2.	




































Figure	 4-14	 shows	 the	 flow	diagram	of	 the	 component	 function	 editor.	 The	 editor	 is	 also	

























functional	 attributes,	 input	 and	 output	 flows,	 and	 advantages	 and	 disadvantages.	 The	
component	 information	 form	 further	provides	 suggestions	of	 alternative	 components	 and	
potential	 connections.	 If	 a	 functional	 attribute	 or	 a	 pair	 of	 input	 and	 output	 operands	 is	













In	 the	component	 information	 interface,	 the	 functional	attributes	of	 the	component	 if	
listed.	If	the	user	selected	a	functional	attribute,	the	MMET	software	would	search	into	














its	 suggestion	of	how	 the	 component	 can	be	 connected.	As	 shown	 in	Figure	4-21,	 the	
MMET	software	searches	in	the	FlowIO_Component	table	to	verify	if	there	is	any	other	

















that	 they	 are	 developed	 based	 on	 different	 definitions	 of	 function	 because	 they	 support	
different	 functional-reasoning	 representations.	 The	 Design	 Repository	 was	 established	 to	










































useful	 in	 describing	 actions	 because	 the	 subject	 of	 an	 action	 can	 be	 another	 component.	
Therefore,	MMET	adapts	only	flows	from	the	RFB	as	the	reference	for	input/output	flows.	For	
functions,	MMET	provides	sentences	in	natural	language	as	functional	attributes,	which	can	
be	 utilised	 to	 establish	 FADs	 of	 systems.	 To	 further	 support	 this,	 MMET	 also	 possesses	
advantages	and	disadvantages	of	components	that	can	be	useful	in	FAD’s	analysis	of	useful	
and	harmful	actions.	
In	addition	 to	 the	above	differences,	 the	 two	 taxonomies	also	have	different	 strategies	 in	
connecting	 suggestions.	 The	 Design	 Repository	 suggests	 only	 designed	 connecting	
components	because	it	is	established	by	analysing	technical	systems	one	after	another	and	
all	 the	 designs	 are	 fixed.	On	 the	other	 hand,	 the	 components	 recorded	 in	MMET	 are	 not	
related	to	any	designated	systems.	MMET	suggests	connecting	components	in	two	different	
ways.	One	suggestion	 is	made	by	matching	 input	and	output	 flows	of	 the	component.	For	
example,	a	gear	that	requires	torque	as	its	input	will	be	suggested	to	connect	a	motor	that	





of	 artefacts	 and	 the	 construction	of	 such	a	 taxonomy,	 i.e.	MMET.	 For	 the	 case	 study,	 the	
transmission	designs	 from	a	group	of	student’s	design	course	work	was	analysed	 for	 their	
innovative	 level	 by	 comparing	 to	 the	 given	 examples.	 It	 was	 found	 that	 most	 students	


























that	 utilise	 FAD	 and	 MMET	 as	 the	 design	 representation	 and	 supporting	 tool	 will	 be	
introduced.	For	the	design	optimisation	process,	the	blade	drive	module	of	an	electric	lawn	
mower	will	be	utilised	as	the	case	study	showing	how	FAD	and	MMET	can	be	used	for	making	








































design	 with	 functional	 analysis.	 While	 MMET	 records	 components’	 input/output	 flows,	
functional	attributes,	and	analysis	of	advantages	and	disadvantages,	it	is	able	to	support	the	




















The	Bosch	Rotak	40,	as	shown	 in	Figure	5-2,	 is	an	electrical	 lawn	mower.	While	the	major	
function	of	 the	 lawn	mower	 is	 to	cut	 lawn	grass	by	means	of	a	 revolving	blade,	 the	blade	
module	 is	where	 the	major	 function	 is	 carried	out.	 The	blade	module	of	 the	Rotak	40,	 as	
shown	 in	Figure	5-3,	has	components	 including	a	plug,	a	power	cord,	a	universal	motor,	a	
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critical	 interactions	 are	 shown	 with	 the	 other	 interactions.	 Furthermore,	 because	 the	
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transfers	 and	 the	 effects	 of	 energy	 are	 expressed	 by	 the	 actions,	 there	 is	 not	 enough	
information	for	designers	to	fully	understand	the	system.	
Table	5-1	List	of	useful	actions	of	components	
Subject	 à action	 à	 Object	
Plug	 à	 draw	in	electricity	 à	 Power	cord	
Power	cord	 à	 provide	electricity	 à	 Universal	motor	
Universal	motor	 à	 rotate	 à	 Input	shaft/pulley	
Input	shaft/pulley	 à	 drive	 à	 Poly	V-belt	
Input	shaft/pulley	 à	 rotate	 à	 Impeller	
Input	shaft/pulley	 à	 locate	 à	 Poly	V-belt	
Input	shaft/pulley	 à	 locate	 à	 Impeller	
Impeller	 à	 cool	 à	 Universal	motor	
Poly	V-belt	 à	 rotate	 à	 Output	pulley	
Output	pulley	 à	 rotate	 à	 Output	shaft	
Output	pulley	 à	 locate	 à	 Poly	V-belt	
Output	shaft	 à	 rotate	 à	 Blade	
Output	shaft	 à	 locate	 à	 Output	pulley	
Output	shaft	 à	 locate	 à	 Blade	
Blade	 à	 cut	 à	 Lawn	
Fixing	screws	x	4	 à	 fix	 à	 Universal	motor	and	Frame	
Brake	 à	 stop	 à	 Output	pulley	
Spring	 à	 push	 à	 Brake	
Spring	 à	 push	 à	 Frame	
Bearing	1	 à	 allow	rotation	between	 à	 Input	shaft/pulley	and	Frame	
Bearing	2	 à	 allow	rotation	between	 à	 Output	shaft	and	Frame	
Frame	 à	 locate	 à	 Universal	motor	
Frame	 à	 locate	 à	 Bearing	1	
Frame	 à	 locate	 à	 Bearing	2	
Frame	 à	 locate	 à	 Spring	















Subject	 à action	 à	 Object	
Universal	motor	 à	 heat	 à	 Universal	motor	
Universal	motor	 à	 vibrate	 à	 User	







Lawn	 à	 blunt	 à	 Blade	






FAD	has	 the	ability	 to	 represent	 flows	 such	as	movement,	material,	energy,	and	signal.	 In	
order	to	provide	detailed	information	to	assist	designers	in	locating	critical	factors	of	potential	
system	problems,	 flows	and	 their	 interactions	 to	 the	 components	within	 the	 lawn	mower	
should	also	be	included	in	the	FAD.		
This	 step	 aims	 to	 transform	 the	 information	 in	 FAD-2	 into	 a	 FAD	 that	 records	 both	
components	 and	 flows,	 i.e.	 FAD-3.	 Since	 the	 useful	 and	 the	 harmful	 actions	 between	
components	were	already	analysed	 in	FAD-2,	 it	 is	possible	 for	designers	to	 identify	critical	
parts	of	system	that	requires	further	analysis	of	flows.	As	shown	in	Table	5-3	and	Table	5-4,	






some	 useful	 or	 harmful	 actions	may	 only	 be	 available	 at	 this	 step	 because	 the	 flows	 are	





Subject	 à action	 à	 Object	
Plug	 à	 import	 à	 AC	power	
Power	cord	 à	 transmit	 à	 AC	power	
AC	power	 à	 actuate	 à	 Universal	motor	
Universal	motor	 à	 transform	 à	 AC	power	
Universal	motor	 à	 generate	 à	 Torque	1	
AC	power	 à	 become	 à	 Torque	1	
Torque	1	 à	 rotate	 à	 Input	shaft/pulley	
Poly	V-belt,	Input	shaft/pulley	
and	Output	pulley	
à	 transform	 à	 Torque	1	
Torque	1	 à	 become	 à	 Torque	2	
Spring	 à	 generate	 à	 Force	1	
Force	1	 à	 push	 à	 Brake	and	Frame	
Brake	and	Output	pulley	 à	 transform	 à	 Force	1	
Force	1	 à	 become	 à	 Friction	torque	
Friction	torque	 à	 stop	 à	 Output	shaft	and	Output	pulley	
Torque	3	 à	 rotate	 à	
Output	pulley,	Output	shaft,	
and	Blade	
Blade	 à	 transform	 à	 Torque	3	
Torque	3	 à	 become	 à	 Force	3	
Blade	and	Force	3	 à	 cut	 à	 Lawn	
Impeller	 à	 generate	 à	 Air	pressure	
Air	pressure	 à	 push	 à	 Polluted	air	
Air	pressure	 à	 draw	 à	 Fresh	air	
Fresh	air	 à	 cool	 à	 Universal	motor	






Subject	 à action	 à	 Object	
Output	pulley	and	
Brake	
à	 produce	 à	 Powder	
Impeller	 à	 draw	in	 à	 Powder	
Powder	 à	 mix	 à	 Air	
Powder	and	Air	 à	 become	 à	 Polluted	air	
Polluted	air	 à	 pollute	 à	 Universal	motor	
Universal	motor	 à	 generate	 à	 Heat	








à	 generate	 à	 Vibration	
Noise	and	Vibration	 à	 annoy	 à	 User	
Friction	torque	 à	 decrease	 à	 Torque	2	
Friction	torque	and	
Torque	2	
à	 become	 à	 Torque	3	










































The	 first	 one	 is	 to	 search	 for	 alternative	 components	 in	MMET	 introduced	 in	 Chapter	 4.	
Another	resource	is	the	TRIZ	76	standard	solutions	that	could	provide	suggestions	on	problem	
solving.	












remove	 the	 brake	 after	 it	 has	 performed	 the	 useful	 action	 “stop	 the	 output	 pulley.”	 The	
second	 is	solution	H.2.1:	create	an	opposing	action	that	counteracts	the	harmful	action	to	
eliminate	the	harmful	action.	These	suggested	solutions	can	be	applied	with	“separation	in	
time,”	 one	 of	 the	 four	 TRIZ	 separation	 principles	 introduced	 in	 Chapter	 2.	 The	 functional	
requirement	of	the	brake	function	here	can	be	divided	into	two	sequences:	





































































The	case	study	also	shows	 that	applying	MMET	and	 the	TRIZ	76	standard	solutions	at	 the	







FAD	 has	 been	 utilised	 by	 the	 TRIZ	 practitioners	 as	 the	 functional	 representation	 in	 the	
problem	 solving	 process.	 However,	 it	 has	 not	 yet	 been	 considered	 for	 application	 in	 new	
product	design	processes.		
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As	 discussed	 in	 Chapter	 3,	 FAD	 can	 support	 design	 stages	 from	 conceptual	 design,	
embodiment	design,	 to	detailed	design.	While	other	 tools	 such	as	CAD	drawings	and	CAE	
analysis	are	needed	at	the	embodiment	design	stage	and	detailed	design	stage,	the	design	
work	at	the	conceptual	design	stage	can	be	fully	supported	by	FAD.		




































surgery	 and	 laparoscopic	 surgery	 are	 different.	 Because	 the	 instruments	 for	 laparoscopic	
surgery	are	longer	than	open	surgery,	the	optimum	height	of	the	operating	table	surface	for	
laparoscopic	 surgery	 should	 be	 lower	 (Berquer,	 Smith,	 &	 Davis,	 2001;	 Manasnayakorn,	
Cuschieri,	&	Hanna,	2008;	Matern,	Waller,	Giebmeyer,	Rückauer,	&	Farthmann,	2001;	van	
Veelen,	Kazemier,	Koopman,	Goossens,	&	Meijer,	2002).	In	order	to	accommodate	different	







































choking	 while	 performing	 surgery	 on	 patient’s	 head	 or	 neck	 position	 by	 lowering	























































































Step	1	determined	that	 the	main	 flow	of	 the	operating	 table	 is	kinematics.	Therefore,	 the	






It	 is	 required	 that	 the	 height	 of	 the	 tabletop	 can	 be	 adjusted	 to	 adapt	 different	 types	 of	














































5-21	 (a)	and	 (b).	On	 the	other	hand,	 since	 the	 insufficient	 translational	movement	 can	be	
































































movement	 requirements,	 a	 seven-digit	 design	 code	 can	 be	 utilise	 to	 identify	 different	
combinations.	 The	 seven-digit	 code	 can	 be	 represented	 as	 CVTLBHF	 where	 C	 represents	
configuration,	 V	 represents	 options	 of	 vertical	 movement,	 T	 represents	 options	 of	








#	 Movement	 Option	1	 Option	2	 Option	3	 Option	4	
C	 Configuration	 A	 B	 	 	
V	 Vertical	movement	 Ty	 Rz	1	+	Rz	2	+	Tx	 	 	
T	 Trendelenburg	 Rz	 Ty	1	+	Ty	2	 Ty	1	+	Rev.	Joint	 	
L	 Lateral	tile	 Rx	 Ty	1	+	Ty	2	 Ty	1	+	Rev.	Joint	 	
B	 Break-back	flexion	and	extension	 Rz	 Tx	1	+	Tx	2	 Tx	1	+	Rev.	Joint	 Ty	1	+	Ty	2	+	Ty	
3	
H	 Head	flip	 Rz	 Tx	1	+	Tx	2	 Tx	1	+	Rev.	Joint	 	





















































within	 the	 MMET.	 For	 example,	 mechanisms	 and	 machine	 elements	 that	 are	 capable	 of	
outputting	 translational	 movement	 along	 Y	 axis	 can	 be	 located	 in	 the	 MMET.	 After	
considering	 the	 functional	 attributes,	 advantages,	 and	 disadvantages	 of	 the	 component	











	 	 	 	 	 	
Ty	 Ry		 Ball	screw	 Power	screw	 Cylindrical/barrel	
cam	
End	cam	 	 	 	 	 	










































	 	 	 	 	 	 	






















Rz	 Rx	/	Ry	/	Rz	 Rotating	cam	 	 	 	 	 	 	 	 	





	 	 	 	 	























	 	 	 	 	 	 	 	
Rz	 Hydraulic	energy	 Hydraulic	motor	 	 	 	 	 	 	 	 	
Rz	 Pneumatic	energy	 Pneumatic	motor	 	 	 	 	 	 	 	 	
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Table	5-9	Morphological	matrix	of	movements	and	components	(continued)	







	 	 	 	 	 	
Tx	 Rx	 Ball	screw	 Power	screw	 Cylindrical/barrel	
cam	
End	cam	 	 	 	 	 	










































	 	 	 	 	 	 	






















Rx	 Rx	/	Ry	/	Rz	 Rotating	cam	 	 	 	 	 	 	 	 	





	 	 	 	 	























	 	 	 	 	 	 	 	
Rx	 Hydraulic	energy	 Hydraulic	motor	 	 	 	 	 	 	 	 	






























As	 shown	 in	 Figure	 5-28,	 a	 type	 A111111	 design	 can	 be	 achieved	 separately	 by	 each	
mechanism	 or	machine	 element	 installed.	 The	 design	 utilises	 several	 universal	motors	 to	




required	 between	 the	 sections	 are	 provided	 separately	 by	 three	 sets	 of	worm	 gears.	 The	
vertical	movement	Ty	is	provided	by	a	set	of	ball	screw.	
While	 the	 design	 type	 A111111	 is	 achieved	 by	 installing	 mechanisms	 that	 can	 function	





break-back	 flexion	 and	 extension.	 This	 complicated	 seven-mechanism	 design	 can	 be	
simplified	by	synthesising	repeated	movements	and	mechanisms.	As	shown	in	Figure	5-29	(b),	
the	design	can	be	simplified	by	a	simpler	four-mechanism	design.	Ty	of	the	vertical	movement	








































demonstrate	 the	 implementation	of	 the	design	process.	While	 the	design	case	study	goes	
through	several	steps	of	morphological	analysis,	it	is	shown	that	the	design	process	leads	the	
designer	 to	pass	 through	 several	divergent	and	convergent	processes.	As	 shown	 in	Figure	
5-34,	 step	 1b,	 2b,	 3a,	 and	 3b	 are	 divergent	 processes	 because	 they	 all	 involve	 tasks	 of	
exploring	 design	 options.	 The	works	 done	 at	 step	 2c,	 3c,	 and	 3d	 are	 convergent	 because	
during	these	steps	non-feasible	design	options	are	eliminated.	
On	the	other	hand,	the	design	involves	two	knowledge	expansions	at	step	3a	and	3b.	While	
the	 knowledge	 space	 of	 input	 flows	 is	 expanded	 at	 step	 3a,	 the	 knowledge	 space	 of	






This	 chapter	 has	 introduced	 the	 design	 improvement	 process	 and	 a	 new	 product	 design	


























Air	 pollution	 in	 China’s	 megacities	 is	 severe	 and	 has	 been	 the	 topic	 of	 many	 research	






2014	 and	World	War	 II	 victory	 march	 2015	 showed	 that	 it	 was	 possible	 to	 decrease	 air	
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the	energy	source	of	 the	heater,	 the	water-heater	and	 the	water	 treatment	plant	are	not	

















semiconductor	 materials	 such	 as	 monocrystalline	 silicon,	 polycrystalline	 silicon,	 and	
amorphous	silicon,	are	able	to	convert	solar	energy	into	direct	current	electricity.		
As	shown	 in	Figure	6-8	(a),	a	solar	PV	system	is	a	common	device	that	could	utilised	solar	
























drawback	 that	could	affect	 living	quality.	As	shown	 in	Figure	6-9	 (c),	 the	wind	 turbine	will	
generate	noise.	While	various	studies	have	suggested	that	wind	turbine	noise	could	cause	


















































































by	 removing	 pollutants	 from	 sewage	 that	 contains	 all	 sorts	 of	 biodegradable	 household	
wastes	including	human	waste,	food	waste,	soaps	and	detergent.		






of	 treated	 fluid	 by	 additional	 filtration,	 lagooning,	 nutrient	 and	 nitrogen	 removal,	 and	
disinfection	for	 fragile	environments.	While	the	principles	 for	most	phases	are	similar,	 the	
major	 difference	 between	 different	 sewage	 treatment	 technologies	 is	 at	 the	 secondary	
treatment	phase.	




The	 activated	 sludge	 process,	 as	 shown	 in	 Figure	 6-15,	 utilises	 two	 chambers	 for	 sewage	
aeration	 and	 clarification.	 It	 is	 a	 basic	 process	 for	 secondary	 treatment	 and	 is	 generally	
implemented	into	other	secondary	treatment	technologies	such	as	MBR.	In	the	aeration	tank,	





into	 less	sensitive	environments	and	reuse	for	garden	 irrigation.	 It	 integrates	a	membrane	








































Constructed	 wetlands	 can	 be	 a	 solution	 for	 this.	 Constructed	 wetlands	 simulates	 and	
replicates	the	environment	of	natural	wetlands	that	provide	an	ideal	environment	for	reeds	
and	many	types	of	microorganisms	to	propagate	and	therefore	wetlands	can	be	recognised	
as	water	 treatment	 facilities.	 Because	 natural	wetlands	 are	 not	 available	 everywhere	 and	
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many	 of	 them	 are	 restricted	 for	 preservation,	 constructed	 wetlands	 with	 engineered	
structure	can	be	constructed	according	to	the	requirement.		



























Vertical	 flow	constructed	wetland,	as	shown	 in	Figure	6-22,	distributes	 the	sewage	on	the	
surface	and	allows	the	sewage	to	flow	vertically	to	pass	through	the	wetland.	While	the	flow	
direction	 is	 downward,	 it	 requires	 a	 pump	 to	drain	 the	 treated	water	 so	 that	 the	 flow	of	
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sewage	and	 treated	water	will	not	be	blocked.	Therefore,	unlike	other	 types	of	wetlands,	



















bio-gas.	 For	 solar	 power	 water-heaters,	 each	 dwelling	 is	 equipped	 with	 a	 2.13	 m2	 solar	
collector	to	provide	the	required	6.13	KWh	thermal	energy	to	heat	up	the	daily	150-litre	hot	
water	 requirement	 from	15°C	 to	50°C.	To	provide	hot	water	when	 the	solar	power	 is	not	






it	 requires	8.27	m3	of	bio-gas	per	day	to	heat	up	each	dwelling.	 If	 the	ground	source	heat	
pump	is	utilised	solely,	it	requires	0.26	kWh	of	electricity	per	day	to	heat	up	the	dwelling.	






































































Ventilation	 is	 key	 for	 improving	 indoor	 air	 quality	 for	 buildings.	 Buildings	 with	 inefficient	









monoxide,	particulate	matter	 (PM),	 radon,	 environmental	 tobacco	 smoke	 (ETS),	 allergens,	












is	 improved	 (Bakó-Biró,	 Clements-Croome,	 Kochhar,	 Awbi,	 &	 Williams,	 2012;	 Mendell	 &	






the	 pollutants	 that	move	 together	with	 the	 airflows.	 Energy	 flow	 represents	 the	 thermal	
energy	being	transmitted	between	 indoors	and	outdoors,	 the	forces	that	actuate	airflows,	
and	the	noise	generated	by	the	mechanical	fans	in	a	MVHR	system.	As	shown	in	Figure	6-28	
























Based	on	 the	energy	use	and	energy	 savings,	 ventilation	 technologies	 can	be	 classified	as	
natural	ventilation,	mechanical	ventilation,	and	hybrid	ventilation	(ECA,	2003).		
There	 are	 two	major	 types	of	 natural	 ventilation,	 infiltration	 and	passive	 stack	 effect.	 For	
ventilation	 based	 on	 infiltration,	 fresh	 air	 enters	 into	 and	 exits	 the	 building	 through	 its	
envelope	by	infiltration	process,	as	shown	in	Figure	6-30.	Infiltration	ventilation	requires	no	
specific	openings	and	devices	to	exchange	air	but	its	ventilation	efficiency	is	unstable	because	












including	wind	and	stack	effect.	As	 shown	 in	Figure	6-32,	 the	stack	effect	 is	driven	by	 the	
buoyancy	force	generated	by	the	density	difference	between	cooler	and	warmer	indoor	air.	
This	buoyancy	 force	drives	 the	warmer	 indoor	air	 to	rise	up	 in	 the	building.	While	passive	




























Mechanical	 ventilation	 introduces	 and	 exhausts	 air	 with	 artificial	 driven	 force.	 The	 most	
common	approach	 is	 to	 install	mechanical	 fans	 to	provide	actuation	 to	 the	airflows.	With	
powered	 fans	 and	 duct	 system	 to	 actuate	 airflows,	 mechanical	 ventilation	 systems	 are	
capable	of	 recirculating	 air	 so	 that	 the	 temperature	 and	humidity	 can	be	maintained	 and	























Hybrid	 ventilation	 integrates	 the	 features,	 advantages,	 and	 disadvantages	 of	 the	 above	
ventilation	 technologies.	 In	 such	 a	 hybrid	 system,	 natural	 ventilation	 and	 mechanical	








As	 shown	 in	 the	 table,	 buildings	 with	mechanical	 ventilation	 and	 hybrid	 ventilation	 have	
higher	energy	efficiency	for	having	higher	airtightness	and	heat	recovery	capability.	However,	
these	two	types	of	ventilation	require	energy	input	to	operate.	Their	mechanical	fans	may	
accumulate	 pollutants	 and	 therefore	 contaminate	 input	 airflows.	 To	 improve	 this	






























Infiltration	 Unstable	 No	 No	 Low	 Moderate	 None	 Low	 Low	
Passive	
stack	
Unstable	 No	 No	 Low	 Moderate	 None	 Low	 Low	















passive	 stack	 ventilation.	 While	 traditional	 passive	 stack	 ventilation	 lacks	 the	 ability	 to	
recovery	heat	from	outgoing	air,	PVHR	possesses	a	set	of	heat	recovery	unit	to	overcome	this	
















































































After	analysing	all	partial	 functions	of	 the	PVHR	system,	 the	preliminary	FAD	of	 the	PVHR	
system	that	includes	only	main	useful	functions	can	be	illustrated	as	shown	in	Figure	6-43.	
The	preliminary	FAD	explains	the	working	principles	of	the	PVHR	system.	The	full	FAD	of	the	







The	 three	 functions	 of	 PVHR	 analysed	 in	 section	 6.3.5	 need	 to	 be	 assessed	 for	 their	




















PVHR	 system	 is	 integrated	 into	 the	 original	 chimney	 of	 this	 three-floor	 building.	 The	 test	
room,	located	on	the	ground	floor,	is	enhanced	for	higher	thermal	isolation	and	airtightness.	







































In	 order	 to	 assess	 the	 ventilation	 performance	 and	 heat	 recovery	 efficiency	 of	 the	 PVHR	
system,	sensors	are	used	and	installed,	as	shown	in	Figure	6-45.	For	ventilation	performance,	
		 268	











exhausted	 airflow.	 While	 the	 sensors	 are	 located	 at	 different	 part	 of	 the	 coaxial	 heat	
exchanger,	related	features	of	the	heat	exchanger	including	intakes	and	outlets	of	supply	and	
exhaust	channel	are	displayed	in	the	FAD,	as	shown	in	Figure	6-46.	










While	 the	direct	measurement	of	airflows	 in	 the	preliminary	assessment	 failed	 to	provide	



























when	 it	 enters	 the	 supply	 channel	 of	 the	 wind	 cowl.	 The	 exhaust	 airflow	 may	 also	 be	

































M.5.2:	Measurement	 systems	evolve	 towards	 indirect	measurement	of	 features	of	
derivatives	of	the	function	being	measured	
Based	on	the	suggested	solutions	above,	 the	solution	of	 the	problem	 listed	 in	step	3	 is	 to	
create	 a	 new	measurement	 system	by	 detecting	 the	 substance	 introduced	 to	 the	 current	





for	calculation	 includes	concentration	change	of	 the	 tracer	gas,	 total	volume	of	 tracer	gas	
released	in	the	test	room,	volume	of	the	test	room,	and	time	interval	from	the	beginning	to	
the	end	of	the	measurement.	




ASTM	Standard	 E741,	 2011).	 The	methods	 include	 concentration	decay	method,	 constant	
injection	method,	and	equilibrium	CO2	analysis	method.	Among	the	three	methods,	constant	
injection	 method	 is	 the	 only	 method	 that	 could	 be	 adapted	 for	 the	 measurement	 of	 a	
























After	 completing	 functional	 analysis	 of	 measurement	 setups	 of	 heat	 recovery	 efficiency,	












Six	 CO2	 sensors	 are	 placed	 in	 the	 test	 room	 and	 the	 extended	 room	 to	 monitor	 the	
concentration	variation	and	uniformity	of	the	CO2	released	in	the	rooms,	and	the	CO2	release	
rate	 is	 controlled	 by	mass	 flow	meters.	 As	 shown	 in	 Figure	 6-52,	 three	 sensors,	 including	
sensor	E	for	exhaust	opening,	sensor	S	for	supply	opening,	and	sensor	1	for	the	far	corner	are	
placed	in	the	test	room	and	sensors	2,	3,	and	4	are	placed	in	the	extended	room.	While	the	









































































































Based	on	 the	performance	assessment	 results,	 the	performance	and	 the	behaviour	of	 the	
PVHR	system	can	be	analysed	as	follows.	
6.3.6.6.1 High	airtightness	scenario	





































































function-based	engineering	design.	Referencing	 the	 four	 research	stages	suggested	by	 the	





The	 literature	 analysis	 required	 by	DRM’s	 first	 stage,	 i.e.	 research	 clarification	 stage,	was	
introduced	in	Chapter	2	and	Chapter	3.	While	Chapter	2	covers	four	literature	analysis	topics	
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many	 design	 methodologies	 have	 been	 proposed	 with	 functional	 representations	 and	
taxonomies.	Among	them,	representation	“Function	Structure”	and	taxonomies	“RFB”	and	
“Design	Repository”	were	considered	to	be	the	most	popular.	However,	the	analysis	revealed	
the	 fact	 that	despite	all	 these	popular	 representation	and	 taxonomies	were	developed	 to	
































































located	 at	 the	 rural	 area	 of	 Beijing,	 China.	While	 the	 planning	 involved	 investigation	 and	
allocation	of	available	renewable	energy,	FAD	and	the	new	product	design	process	proposed	
in	 Chapter	 5	were	 adapted	 for	 the	 design	 task.	 FAD	was	 adapted	 to	 include	 quantitative	
information	 in	 its	 representation	 so	 that	 it	 could	 be	 the	 reference	 for	 energy	 resource	
estimation	and	allocation.	As	for	the	new	product	design	process,	it	was	modified	to	be	able	
to	execute	without	searching	into	taxonomies	because	the	technology	available	are	obvious.	
The	 second	 was	 the	 improvement	 for	 the	 performance	 assessment	 system	 for	 passive	





that	 involved	the	measurement	of	both	temperature	and	 flow	velocity	of	 the	airflow.	The	

















Objective	5. Extend	 the	 application	of	 FAD	 and	 the	design	processes	 to	more	 system	
types	












The	 last	 two	 case	 studies	 of	 clean	 energy	 community	 and	 ventilation	 assessment	 system	
further	 showed	 the	ability	of	 FAD	 to	be	applied	 in	various	 types	of	designs.	 For	 the	clean	
energy	community	planning,	it	was	shown	that	FAD	can	integrate	quantitative	information	so	
that	basic	calculations	for	energy	resource	estimation	and	allocation	can	be	integrated	into	







function-based	 design	 methodologies	 and	 theories	 all	 have	 specific	 functional	
representations.	As	further	design	supports,	some	of	the	methodologies	and	theories	have	
design	 taxonomies	 that	 could	 provide	 required	 information	 of	 functions	 or	 components.	
Among	 these	 methodologies,	 theories,	 representations,	 and	 taxonomies,	 the	 set	 of	
Systematic	Approach,	Function	Structure,	RFB,	and	Design	Repository	 is	 the	most	popular.	
















advantages	 of	 utilising	 FAD,	MMET,	 and	 the	 related	 design	 approaches	 in	 function-based	
design	can	be	summarised	as	follows:	




• The	 approaches	 and	 FAD	 can	 be	 extensively	 applied	 to	 various	 types	 of	 technical	
systems	









types	 of	 designs.	 The	 various	 types	 of	 component	 information	 in	MMET	 including	
input/output	operands,	 functional	attributes,	and	advantages/disadvantages	are	all	
able	 to	 be	 applied	 to	 other	 types	 of	 components	 or	 even	 technologies.	 However,	
inputting	 data	 into	MMET	 can	 be	 time-consuming,	 it	 would	 be	 difficult	 to	 create	


















provides	 very	 useful	 resources	 for	 numerical	 simulation	 but	 does	 not	 support	
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35,	22,	
18,	39
35,	28,	2,	
24
1,	28,	7,	
10
1,	32,	10,	
25
1,	35,	28,	
37
12,	17,	
28,	24
35,	18,	
27,	2
5,	12,	35,	
26
Improving	parameters
Sacrificed	parameters
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Appendix	III	Re-arranged	TRIZ	76	standard	solutions	(adapted	from	Gadd,	2011)	
Harmful	actions	
H.1	 Eliminate	
H.1.1	 Eliminate	the	component	if	the	useful	action	is	not	needed	
H.1.2	 Eliminate	the	subject	if	the	object	can	perform	the	useful	action	
H.1.3	 Eliminate	the	subject	if	another	component	can	perform	the	useful	action	
H.1.4	 Trim	the	subject	if	a	resource	can	perform	the	useful	action	
H.1.5	 Trim	the	subject	if	it’s	not	needed	after	performing	its	useful	action	
H.1.6	 Remove	harmful	parts	but	keep	the	useful	parts	if	possible	
H.2	 Stop	
H.2.1	 Using	opposite	field	to	counteract	and	neutralise	the	harmful	action	
H.2.2	 Use	another	object	that	is	not	sensitive	to	the	harmful	action	
H.2.3	 Decrease	the	zone	and	time	that	is	affected	by	the	harmful	action	
H.2.4	 H.2.4.1	
Introduce	insulation	to	prevent	two	components	that	generate	harmful	
actions	from	contacting	
H.2.4.2	
If	existing	components	can	generate	something	that	could	block	the	
harmful	action	between	two	components,	use	it.	
H.2.5	 Introduce	sacrificial	substance	that	attracts	harm	
H.2.6	 Apply	the	required	filed	indirectly	if	it	also	generates	harmful	actions	
H.2.7	 Add	something	to	weaken	the	required	field	generates	harm	but	only	
required	in	some	part	of	the	system	
H.2.8	 Replace	the	field	that	generates	harm	with	a	weaker	field	by	enhance	it	at	
the	point	needed	
H.2.9	 Neutralise	the	harm	with	sub-systems	
H.2.10	 Utilise	the	environment	to	neutralise	the	harm	
H.2.11	 Find	methods	to	turn	off	the	harmful	action	
H.3	 Transform	
H.3.1	 Transform	the	harmful	action	with	another	harmful	action	
H.3.2	 Transform	disadvantages	as	advantages	
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H.3.3	 Neutralise	the	harmful	action	by	another	harmful	action	
H.3.4	 If	the	harmful	action	can	generate	useful	effect	for	a	larger	magnitude,	
magnify	it	
H.4	 Correct	
H.4.1	 Compensate	and	eliminate	the	harmful	action	after	it	acts	
H.4.2	 Add	something	to	control	or	counteract	the	harmful	action	if	it’s	inevitable	
H.4.3	 Predict	harmful	action	and	prevent	it	in	advance	
Insufficient	actions	
I.1		 Add	something	to	fulfil	the	required	action	
I.1.1	 Introduce	additives	that	could	enhance	the	action	to	inside	the	
subject	or	object	
I.1.2	 Enhancing	insufficient	actions	by	introducing	additives	between	the	
subject	and	the	object	
I.1.3	 Utilise	the	environment	to	enhance	the	insufficient	action	
I.1.4	 Introduce	additives	that	could	provide	extra	functions	to	the	
environment	of	the	subject	and	object	
I.1.5	 Introduce	additives	that	could	provide	extra	functions	outside	the	
subject	and	object	
I.1.6	 If	something	from	the	environment	could	enhance	the	actions,	use	
it	
I.1.7	 Try	to	decompose	or	deteriorate	anything	in	the	environment	or	
the	system	to	enhance	the	function	
I.2	 Modify	the	subject	and	object	
I.2.1	 Segmentation	
I.2.2	 Change	the	material	to	porous	or	capillary	that	allows	fluids	to	pass	
through	
	
I.2.3	 Use	multiple	similar	(or	dissimilar)	components	or	systems	
I.2.4	 Improve	the	system’s	flexibility,	adaptability,	and	dynamics	
I.2.5	 Improve	the	flexibility	or	rigidity	of	the	links	between	components	
I.2.6	 Allow	to	elements	to	have	opposite	function	so	the	the	system	
function	can	transit	from	one	to	another	
I.2.7	 Allow	sub-system	and	super-system	to	perform	different/opposite	
functions	
I.2.8	 Deliver	functions	to	the	micro-level	of	the	system	
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I.2.9	 Extra	functions	performed	by	partial	system	of	a	component	to	
improve	system’s	effectiveness	and	controllability	
I.2.10	 Utilise	the	components	that	could	specifically	deliver	function	to	
the	time/space	needed.	
I.3	 Enhance	a	missing	or	insufficient	action	
I.3.1	 Add	the	missed	action	to	the	system	
I.3.2	 Add	an	extra	action	if	the	system	can’t	be	changed	
I.3.3	 Search	for	better	actions	
I.3.4	 Change	the	uniformity	of	the	action	in	the	beginning,	permanently	
or	temporarily	
I.3.5	 Consider	if	matching	of	mismatching	the	natural	frequency	between	
the	actions	and	the	components	could	improve	system	
effectiveness	
I.3.6	 Matching	the	frequencies	between	the	actions	within	the	system	
I.3.7	 Separate	the	active	time	of	two	incompatible	actions	
I.3.8	 Create	another	field(action)	with	current	fields(actions)	in	the	
system	
I.3.9	 Utilise	environmental	actions/fields	such	as	solar	power,	wind	
power,	temperature,	humidity,	magnetic	fields.	
I.3.10	 Use	components	already	in	the	system	to	act	as	media	of	sources	of	
extra	actions	
I.3.11	 Use	excessive	action	and	remove	the	extras	afterwards	
I.3.12	 Add	a	small	amount	of	something	highly	active	
I.3.13	 Let	the	additive	to	perform	at	a	specific	point	
I.3.14	 Introduce	the	additive	but	remove	after	it	performs	
I.3.15	 Create	a	copy	of	the	original	object	if	additives	are	not	permitted	
I.3.16	 Change	the	phase	of	existing	components	for	better	actions	
I.3.17	 Utilise	the	phenomena	occurred	when	something	change	with	
phase	to	achieve	an	action	
I.3.18	 Utilise	something	that	properties	change	with	phase	to	achieve	an	
action	
Measurement	
M.1	 Indirect	measurements	
M.1.1	 Avoid	the	measurements	by	changing	the	problem	
M.1.2	 Copy	the	target	as	an	image	and	measure	it	instead	
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M.1.3	 Change	the	measurement	as	detecting	continuous	changes	
M.2	 Additional	measurement	system	
M.2.1	 Introduce	additives	that	reflect	the	state	of	the	measuring	target	
measurable	when	can’t	measure	the	target	directly	–	measure	the	
additives	
M.2.2	 Introduce	an	additional	component	providing	an	extra	field	that	
linked	to	the	measuring	target	for	measurement	when	the	target	
field	is	not	measurable	
M.2.3	 If	the	system	can’t	be	changed,	add	something	measurable	and	will	
change	with	the	measuring	target	in	the	the	environment,	and	
measure	it	
M.2.4	 If	environment	doesn’t	allow	adding	anything,	create	the	additive	
from	what	is	available	in	the	environment		
M.3	 Improve/Enhancing	measurement	performance	
M.3.1	 Utilise	known	physical	effect	in	the	system	
M.3.2	 Measure	the	excited	resonance	frequency	of	the	system	or	
component	when	no	fields	available	for	measurement	
M.3.3	 If	the	system	or	component	can’t	be	excited,	try	join	it	with	another	
object	and	measure	the	resonance	frequency	
M.4	 Extra	substances	and	fields	such	as	ferromagnetic	materials	and	field	
M.4.1	 Add	detectable	fields	such	as	ferromagnetism	and	measure	it	to	
improve	measurement	results	
M.4.2	 Add	something	with	detectable	fields	such	as	ferromagnetic	
particles	into	the	system	
M.4.3	 Introduce	detectable	additives	into	the	subjects	and/or	objects	
M.4.4	 Introduce	detectable	additives	into	the	surrounding	environment	
M.4.5	 Utilise	effects	such	as	Curie	point	effect	and	Barkhausen	effect	to	
improve	measurements	
M.5	 Suggestion	for	evolution	of	the	measuring	systems	
M.5.1	 Use	multiple	measurement	system	for	measurement	accuracy	
M.5.2	 In	direct	measurement,	measure	the	features	of	derivatives	of	the	
measuring	target	
	
	
